The superconducting properties of Y 1 Ba 2 (Cu 1−x Al x ) 3 O 7 /Y 2 BaCuO 5 bulk superconductors with different Al contents were studied (x = 0.0025-0.05). A peak effect was observed at intermediate magnetic fields over a wide temperature range below T c . The influence of standard oxygenation (SO) at 400
Introduction
Since the discovery of high-T c superconductors (HTSC) [1, 2] the search for possibilities of enhancing their flux pinning properties has played a central role. Numerous methods for improving pinning by introducing different pinning centres, which strongly interact with the flux line lattice at high temperatures, especially at the temperature of liquid nitrogen 77 K and at high magnetic fields, were studied. The main interest was focused on the introduction of nanosized pinning centres in the form of ex situ [3] or in situ [4] created nanoparticles. In the case of YBCO bulk superconductors (Y 1 Ba 2 Cu 3 O 7 /Y 2 BaCuO 5 composites) fabricated by the topseeded melt-growth (TSMG) process [5] , the most difficult issue is pushing particles below some critical size (about 500 nm for Y 2 BaCuO 5 (Y211) particles [6] ) during crystal growth. Nanosized non-superconducting regions can be introduced into YBCO bulk superconductors by neutron irradiation [7] or by chemical substitution of atoms in the Y 1 Ba 2 Cu 3 O 7 (Y123) lattice (mainly the Cu atoms in the CuO chains [8] or the CuO 2 planes [9, 10] ). These artificially created pinning centres can be effective for enhanced flux pinning in YBCO at intermediate magnetic fields and high temperatures. However, it is important to find an optimum concentration of these impurities in order to improve pinning without decreasing the critical temperature, T c .
Early studies showed that Al doping was possible in Y123 and that the Al substitutes Cu in the CuO chains [11] [12] [13] . This substitution was more effective for the improvement of the pinning force density, F p , and the critical current density, J c , of YBCO at 77 K than the substitution of Cu in the CuO 2 planes [8] . Recently, successful Al doping in YBCO bulk superconductors was reported [14] . It was also shown [15] that the method of oxygenation played a very important role in increasing the critical current density, J c .
We report here on J (B) curves of melt-processed YBCO doped with different amounts of Al for two different methods of oxygenation. The evolution of the peak effect (PE) is analysed at different temperatures. Magnetic relaxation measurements were made for the lowest concentration of Al, 
Experimental details
Al doped single-grain YBCO bulk superconductors were fabricated by a top-seeded melt-growth process (TSMG) in a chamber furnace using SmBa 2 CuO.
Al concentrations x were: 0.0025, 0.005, 0.01, 0.02 and 0.05. Undoped YBCO was made as a reference for comparison with the Al doped samples. Small samples for oxygenation and magnetization measurements were cut from the a-growth sector of the bulks [17] at a distance of 1 mm from the seed (top surface of the pellets). The samples had the shape of a slab with dimensions 2 × 2 × 0.5 mm 3 , the smallest dimension was parallel to the c-axis of the crystal.
The small samples were oxygenated by two methods. The first was standard oxygenation (SO), where the samples were slowly heated in a tubular furnace to 800
• C in a flowing O 2 atmosphere, kept there for 2 h, then slowly cooled to 400
• C and annealed there for 240 h. After annealing they were furnace cooled to room temperature. The second method of oxygenation was high pressure oxygenation (HPO), where the samples were oxygenated in a special high pressure vessel under an oxygen pressure of 16 MPa at 750
• C for 24 h with progressively increasing oxygen pressure [18] , in order to avoid intensive cracking during oxygenation (for more information see [15] ).
After oxygenation all samples were checked for homogeneity by trapped field scanning [19] . The magnetic field dependence of the magnetic moment was obtained using a commercial vibrating-sample magnetometer (VSM) with magnetic fields up to 5 T at a constant sweep rate of 0.25 T min −1 . During the magnetization measurements the applied magnetic field was always parallel to the c-axis of the crystal. The critical current density, J c , was calculated from magnetization hysteresis loops (MHL) using the extended Bean model [20] for rectangular samples,
m is the difference of the magnetic moments between the increasing and decreasing field branches of the MHL and V is the sample volume a × b × c. The magnetization measurements were done in the temperature range 0.55 T /T c 0.88. The transition temperatures, T c , were determined from the magnetic transition curves taken after zero-field cooling as the mid-point of these curves with an applied external magnetic field of 2 mT. The transition widths were defined as T c = T c0.9 − T c0.1 , where T c0.1 and T c0.9 were determined as 10% and 90% heights of the transition curve, respectively.
Magnetization relaxation rates were investigated in the temperature range from 15 to 77 K. After zero-field cooling from above T c , to a certain temperature, hysteresis cycles with a sweep rate of 0.25 T min −1 were recorded. At 0.5 and 1 T the field sweep was interrupted and the decay of the magnetic moment monitored for 1 h.
Results and discussion

Critical current densities and evolution of the peak effect
The critical current densities, J c , for Al doped and undoped YBCO superconductors at 77 K are shown in figures 1(a) and (b) for SO and HPO, respectively. The corresponding critical temperatures, T c , and transition widths, T c , are presented in figures 2(a) and (b), respectively. Results on J c for the highest concentration of Al x = 0.05 are not shown, because J c is negligibly small at 77 K for both SO and HPO. Samples oxygenated by SO show the clearest peak effect at 77 K at the lowest concentration of Al, but with decreasing temperature the PE appears at all concentrations.
The critical current density at the lowest Al concentration x = 0.0025 for SO ( figure 1(a) ) is higher from 0.5 to 2 T Increasing the transition width for Al doped samples has been ascribed to the microscopic inhomogeneity of Al distribution dissolved in the Y123 phase [21] . It seems that at HPO this inhomogeneity could be lowered by Al diffusion, because the samples were kept at 750
• C for 24 h. In order to successfully improve J c by chemical doping without substantially decreasing T c , the mean distance between randomly distributed dopant atoms in the CuO chains was predicted to be approximately two coherence lengths or above, i.e. about 6 nm at 77 K [22] , which correspond to
When the impurity concentration increases, the mean distance between the dopant atoms becomes shorter than 2ξ and the locally disordered regions overlap, which should lead to a decrease in the critical current density [22] . From this point of view, it is clear that the lowest Al concentration should be optimal for J c improvements. Note that the 'real' Al concentration in Y123 could be lower than the nominal concentration due to possible Al uptake by the Y211 phase. X-ray measurements display a 0.2% increase of the unit-cell volume of the Y211 phase in the sample with the highest Al concentration x = 0.05 compared to the undoped sample (will be published). As was reported in our previous paper [14] , the Al does not form any secondary phase with Y, Ba, Cu or Ce in the studied system. According to figure 1(b) , the PE in HPO samples is observed at all Al concentrations at 77 K, but also in the undoped sample. This could be ascribed to oxygen vacancies acting as pinning centres in the sample after HPO [23, 24] . Therefore, the appearance of the PE in HPO samples could be caused by a combination of Al doping and oxygen vacancies. In order to compare the critical current density after SO and HPO, we take the J c peak value for the lowest Al concentration (x = 0.0025) in the temperature range 0.55 T /T c 0.88 ( figure 3(a) ). The J c peak is higher and increases more rapidly for HPO in this temperature range. For example at 77 K, the J c peak for HPO is equal to 5.3 × 10 4 A cm −2 , in contrast to 1.81 × 10 4 A cm −2 in case of SO, i.e. by a factor of about 3. Also, the peak field, B p , where the secondary peak appears, is shifted to higher fields ( figure 3(b) ), from 0.89 T for SO to 1.34 T for HPO at 77 K. In figures 3(a) and (b) a temperature of 77 K corresponds to T /T c = 0.853 for SO and 0.846 for HPO.
For a clearer observation of the evolution of the PE, the critical current densities are plotted at 70 K in figures 4(a) and (b) for SO and HPO, respectively. We observe that both the peak field, B p , and the field B 0 , at which J c starts to rise with field, shift to lower values with increasing Al concentration. These data are in good agreement with theoretical predictions [25] and indicate, that the defects created by Al doping can be considered as point-like and the defect density increases with concentration, x.
For both SO and HPO, the PE and the irreversibility field, B irr , shift to lower fields with concentration down to x = 0.01, where the position of B p and B irr is more or less the same as at x = 0.02. The PE begins at these concentrations at low magnetic fields (for SO) or immediately (for HPO), in contrast to x = 0.0025 and 0.005 (figures 4(a) and (b) ). The same evolution of B p and B irr was found [23, 26] in YBa 2 Cu 3 O 7−δ single crystals with different contents of small clusters of oxygen vacancies, δ.
The peak field (and B irr ) at the lowest Al concentration x = 0.0025 is generally lower for the SO sample in comparison to the HPO sample ( figure 3(b) ). This behaviour also indicates better homogeneity of the Al distribution and accordingly stronger flux pinning in HPO samples, as it was mentioned above for T c and T c . This distribution plays an important role besides that of point defect concentration. With increasing temperature, T , at constant x = 0.0025 (figures 5(a) and (b)) the peak field, B p , and B 0 approach each other for both SO and HPO and clearly the peak vanishes. Besides oxygen vacancies, point defects created by Al doping are not mobile at room temperature, i.e they do not agglomerate to small clusters. Clusters of Al atoms can be formed by an additional heat treatment at 800
• C in flowing argon before oxygenation at 400
• C in flowing oxygen [14] .
Microstructure
The increase of J c by HPO (see figure 3(a) ) was recently explained [15] by the elimination of the formation of a/coxygenation macrocracks during the oxygenation process. The a/c-oxygenation macrocracks are formed during oxygenation by the tensile stresses in the oxygenated layer [27] and are perpendicular to the direction of the current flow. They directly reduce the effective cross section and consequently the measured critical current density [28] .
Detailed microstructural examinations of the samples by optical microscope show the same result as in [15] . a/coxygenation macrocracks are observed (figures 6(a)) after SO, but not after HPO ( figure 6(b) ). Due to the higher effective cross section, the overall or effective J c is significantly increased [28] . However, these cracks do not influence the intrinsic J c , which is influenced by artificial pinning centres or oxygen vacancies. As can be seen in figures 6(a) and (b), a/bmicrocracks are present in the samples after both oxygenation methods. They are formed under tensile stress induced by each Y211 particle and their length is not longer than a few Y211 interparticle distances. The Y211 particles are rather large, their mean size is about 2 μm, which is reflected by the quite low J c at low fields [5, 29] .
Flux creep
The thermally activated motion of flux lines (flux creep) was estimated in terms of the normalized relaxation rates, S, and [20, 30] .
The normalized relaxation rates were calculated from [31] :
where M irr is the irreversible part of the magnetization,
Where M↑ and M↓ are the magnetic moment branches for increasing and decreasing applied magnetic fields of the magnetic hysteresis loop, respectively. From the relaxation rates, the apparent pinning energies, U 0 , were evaluated according to [31] :
where k B is Boltzmann's constant and T is the temperature. Both S and U 0 show a strong temperature dependence. Their behaviour is almost the same at 0.5 T ( figure 7(a) ) and only small differences occur, above 55 K at 1 T ( figure 7(b) ). It was reported [32] that flux creep in (RE)BCO (RE = rare earth element) superconductors increases with increasing oxygen-annealing temperature under SO. However, in our case flux creep is smaller at higher temperatures in the sample oxygenated by HPO at 750
• C, than for SO. Therefore, the relaxation is slightly reduced by HPO. The lower U 0 and accordingly the higher S above 55 K in a magnetic field of 1 T for samples oxygenated by SO ( figure 7(b) ) can be caused by approaching the irreversibility field, B irr , due to the poorer homogeneity of the Al in comparison with HPO. It is shown in figure 8(b) that the relaxation is also slightly reduced by Al doping in a applied magnetic field of 1 T compared to the undoped sample. Whereas, in a applied magnetic field of 0.5 T ( figure 8(a) ) the results are more or less the same. Similar values of S(T ) and U 0 (T ) were estimated for other HTSC [32] [33] [34] [35] .
Conclusions
Al substitution of the Cu atoms in the CuO chains of TSMG YBCO bulk superconductors was investigated for two different methods of oxygenation. A peak effect is induced by the substitution and J c is found to be higher for the lowest Al concentration (x = 0.0025) at 77 K compared with an undoped sample, both prepared under standard oxygenation conditions. High pressure oxygenation preserves the PE caused by the Al atoms and enhances J c by a factor of about 3 at intermediate magnetic fields, because of the reduced crack density [15] . Another advantage of HPO seems to be better homogeneity of the Al distribution on the microscopic scale, which could lead to higher positions of B p and B irr , as well as higher T c and lower T c , for HPO samples.
The analysis of the evolution of the PE is consistent with flux pinning by point defects, thus confirming that Cu atoms were substituted by Al atoms.
The normalized relaxation rates, S, and the apparent pinning energies, U 0 , were obtained from the time dependence of the magnetization curves. A decrease of S and accordingly an increase of U 0 were found in the whole temperature range at 0.5 T, and the same behaviour up to 69 K at 1 T, for SO and HPO Al doped samples with the lowest concentration of Al x = 0.0025. A slight reduction of the magnetic relaxation by Al doping was obtained in comparison with an undoped sample in the case of HPO.
